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Introduction. - The growth of GaAs-(Al, Ga)As heterostructures is of particular interest for the fabrication of many devices, such as lasers [1] , photocathodes [2] , microwave FETs [3] .
The control of the epitaxial growth of single or multiple heterostructures requires well-defined growth conditions and a careful assessment of the deposited layers. Such a characterization, usually performed a posteriori, is a time consuming step in the fabrication process of the device. The possibility of in situ assessment, which operates during the epitaxial growth, is then very attractive as it can save time and provide results for the selection of the wafers. In situ ellipsometry appears in this respect as a well-adapted tool, provided that the growth technology is compatible with the use of optical measurements.
The necessary conditions are met in the VPE process, in MBE as well but not in LPE. Previous work [4] has already demonstrated the feasibility of in situ ellipsometry during the growth of GaAs by the AsCl3/Ga/H2 process and early results on the growth of GaAs-(Al, Ga)As heterostructures by MO-VPE have also been reported [5] . The present paper deals with a description of the ellipsometric technique applied to the monitoring of the growth of GaAs-(Al, Ga)As heterostructures by MO-VPE. The results of : i) real-time measurements and ii) a posteriori experimental data processing treatment designed to assess the composition profile at a GaAs/(Al, Ga)As interface quantitatively, are described and correlated to the growth conditions. elements (e.g. trimethylgallium TMG, trimethylaluminium TMA) with a group V hybride (e.g. arsine AsH3) in a gaseous environment (H2 carrier gas). A detailed review of the MO-VPE process is given in reference [6] .
The growth system is based on a cold wall horizontal reactor ( Fig. 1 ), the main features of which are similar to a design previously described [7] . However Fig. 1. -Reactor for the MO-VPE growth of (Ga, Al)As compounds : 1 A schematic representation of the complete ellipsometric set-up used in this study is given in figure 3 with the main features of the data acquisition and data processing parts. 1 [11] R(P) defined by R(P) = 1 -(X2 -P 2 a and fl being the coefficients appearing in equation (1) .
The variations of R(P) for two ideal surfaces, of refractive indexes n = 2 and n = 3.5, respectively, are given in the figure 4 . R(P) variations show a sharp minimum, which occurs for the transmission axis of the polarizer being in the plane of incidence. Moreover, the sharpness of this minimum depends on the refractive index. Po may be obtained by fitting a set of experi- mental data { Rj, Pj}, centred about Po, to a calculated parabola by means of least-square fitting procedure. This procedure requires a set of data showing rather low background fluctuations, which may be crafty to get in a growth reactor for low-index materials. A practical R(P) curve obtained for a GaAs substrate before a growth procedure is given in the figure 5 . After determining Po, the compensator is inserted and a similar procedure is used to get Co, the azimuth of the fast axis of the compensator with respect to the plane of incidence.
1.2.4 Ellipsometry measurements. -The ellipsometric angles L1 and ll' are defined by the ratio :
between the reflection coefficients of a light polarized in the plane (rp) and perpendicularly (rs) to the plane of incidence.
For the configuration previously described, with both the polarizer and the compensator having their reference azimuth set at 450 to the plane of incidence, the intensity of the light beam striking the photomultiplier can be written :
The L1 and IF angles are related to the a and fl coefficients of (1) by :
and For a film of thickness t and refractive index il deposited on a substrate of refractive index fis, the relationship of these parameters takes the form :
where 0 is the angle of incidence and f ' represents a complex transcendental function. Because of the poor reproducibility of the positioning of the susceptor in a MO-VPE reactor, the angle of incidence has to be determined at the beginning of each growth cycle by measuring at room temperature the ellipsometric angles of a reference sample provided in this study by the GaAs substrate after the in situ cleaning procedure or after the growth of homoepitaxial layer. Consequently, in situ ellipsometry measurements bear a degree of confidence higher in terms of precision (limited by random errors) than in terms of accuracy (limited by systematic errors).
The precision of the measurements at large depends on the number Nacc of cycles accumulated for each data point. N.,,,, also sets the ellipsometric data speed. [4, 5] . The Figure 6 shows the evolution of IF versus time for a heating procedure under pure hydrogen (curve a) and a heating procedure under arsine hydrogen mixture with arsine partial pressure of 10-2 (curve b). Independently of any surface modification, raising the temperature changes the refractive index of the substrate an4consequently increases the value of 03A8. This can be seen in the figure 6 , for the first few minutes of heating. At about 600 OC, an anomalous behaviour of the P variations is observed, which could be attributed to desorption of physisorbed molecules such as H20, CO, oxygen... [18] . As the temperature reaches a plateau at about 730 OC, it becomes clear that only the hydrogen-arsine mixture allows a stabilization of'!'. For pure hydrogen carrier (curve a) gas, IF shows oscillations of more than 1 degree in amplitude : it might be assumed in this case arsenic losses induce surface roughness phenomena [20] . It is also worth noticing that it takes rather a long time for the hydrogen-arsine experiments before reaching a stable + value, that is to say an equilibrated arsenic coverage of the surface.
From all this, it is concluded that for initiating the growth on a stable surface, one needs to perform the heating cycle under hydrogen-arsine mixture and to allow sufficient time for surface equilibration. tometry [13] Kuphal [ 14] who treated in detail the composition determination of LPE grown (Al, Ga)As by ellipsometry, with emphasis on the natural oxide layer contribution.
Another ellipsometric determination of the Al content worth considering, may be gained by spectroscopic ellipsometry measurements performed a postepriori in this work used to determine the imaginary part 82 sample and a Alo.4Gao.6As sample respectively. For these two wafers, the El structure [9, 15] (Fig. 12) . In the case of the Gazas -AlxGa 1 _ xAs growth given in the figure 10 , it is obvious that the experimental spiral deviates from the calculated one. This occurs for graded transitions for which the rapidly converging spiral is due to a damping in the interference regime in the graded layer. This shape is easily recognized by the user and can be correlated with poor growth conditions. On the contrary, figure 12 Fig. 10 (Fig. 13) .
The principle is illustrated in the figure 13 with simulated ellipsometric data (curve A) corresponding to a calculated Gao.5AIO..5As/GaAs transition with a linear 100 A width transition profile. Let (As, 'P J be the ellipsometric angles of the bare substrate, (d 1, 03A81) and (A 2' 'P 2) the first two sets of experimental ellipsometric angles. The To an experimental (J,, Y'i) point, a moving point (4(t;), Hz)) corresponding to a dummy thickness ti is associated on the calculated locus. According to Azzam and Bashara [9] , an error function can be defined as :
For a given value of ñguess, the minimum N min of this expression in respect of ti and t2 is an estimation of the divergence between the experimental points and the calculated locus. Nm;n can be expressed as where (4(t;*), 03A8(ti*)), (i The minimization of Nm;n in respect of nguess (which is obtained through the linear relationship binding ÎÎC,.,-,,Al,,As to the composition x) allows the determination of the unique refractive index n, [14, 19] The inversion procedure is then pursued in the following way : -The reflectivity coefficients of the stratum Isubstrate system is calculated following a well-established procedure ; -the above calculation is repeated with the experimental points (d 3, 03A83) and (d 4, P 4)' which leads to the refractive index n(0)II and the thickness d(0)II for the layer II defined by the (J 2, P 2) and (J4, 03A84) points. This scheme is then repeated up to the final couple of ellipsometric data points. Eventually, the deposit is described in terms of stratified structure which consists of parallel homogeneous layers, the indexes and thicknesses of which are successively determined. i) The figure 14b . The calculated n and k points fit to the starting index values with a superimposed noise which depends on the convergence criterium used. However, experimental (4 , 03A8) measurements bear random errors which must be considered. The réfractive index values calculated by taking into account typical random errors (bY' = 0.020 and bd = 0.05°), have also been plotted (crosses) in the figure 14b, for the same convergence criterium as in the previous case. The noise has largely increased. Finally, the parameter error in n and k mainly depends on the parameter error in Li and !F, and on the incremental thickness between two (Li, P) points.
ii) The presence of an oxide at the growth interface is simulated in the following system : Gazas -(Al, Ga)As transition The analysis of the Gazas -Alo.25Gao.75As heterostructure described in the section 2 leads to the refractive index profiles plotted in the figure 17 . The variations of the real and imaginary parts of the refractive index as a function of the layer thickness show that the Al content reaches about half its steady state value after -100 Á and its steady state value after a thickness of ~ 500 Á. Such a smooth profile is typical of a first Gazas -(Al, Ga)As transition when growing a stack of such layers. This behaviour has to be related to the strong reactivity of (CH3)3AI which combines with oxygen adsorbed on the walls of the reactor until complete saturation. Thus depending on the residual oxygen and/or H20 amount present before the growth cycle and the growth conditions, a more or less smooth composition profile is observed for the Gazas -(Al, Ga)As transitions. In fact, specific reactor designs and/or growth procedures may lead to a large reduction of the transition width. This is illustrated in the figure 18 which gives the refractive index variations of a Gazas -(Al, Ga)As transition obtained with appropriate growth conditions. The transition width is then reduced to -100 tÅ, which is considered to be typical for an MO-VPE growth.
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The result data of the inversion procedure applied to the Alo.3oGao.7oAs --+ GaAs heterostructure described in the section 2 have been plotted in the figure 19. They evidence a rather sharp composition profile and the transition width is estimated to -100 À, which is a typical value for a standard growth system.
3.4 DISCUSSION. - The profile assessment of the dummy transitions on the one hand, and of the practical (Al, Ga)As -GaAs and GaAs-(Al, Ga)As transitions on the other hand, have unambiguously demonstrated the interest of the inversion procedure applied to real-time ellipsometry.measurements. Moreover, it allowed us to evidence the role of the oxygen and/or water vapour gettered on the reactor walls in the transition width of the GaAs-(Al, Ga) As heterostructures, which depends mainly on the growth procedure. The present study, restricted to the growth and the analysis of standard heterostructures, intended to show the possibilities of original applications of ellipsometry. It has previously been shown, using in situ ellipsometry, that transitions widths of -40 A and 25 A could be respectively achieved for GaAs-(Al, Ga)As and GaAs-AlAs superlattices grown by MO-VPE [17] . These figures were estimated by a fitting procedure between experimental and calculated curves corroborated by SIMS measurements [17] .
The inversion procedure appears to be a more systematic approach for the thickness and composition assessment of such multilayer structures. 4 (11, tp) measurement of a thick homogeneous Al.,Gal -.,As layer yields the Al concentration determination within ± 5 % (for x 0.5), as checked by X-ray diffraction or a posteriori ellipsometric measurements. The processing of the (J, tp) real-time data by an inversion procedure has been developed and proved to be a powerful, precise and non destructive tool to determine the concentration profile and the transition width at a GaAs-(Al, Ga)As interface.
